ASHMET:  A computer code for estimating insolation incident on tilted surfaces by Toelle, R. G. & Elkin, R. F.
DOE/ NASA TECHN ICAL 
MEMORANDUM 
DOE/ NASA TM-78286 
ASHMET - A COMPUTER CODE FOR ESTIMATING INSOLATION 
I NC IDENT ON TILTED SURFACES 
By h 3 e r t  F. Elkin and Ronald G .  Toelle 
Sy :ems Analysis and Integration Laboratory 
National Aeronautics and Space Administration 
George C. Marshall Space Flight Center, Alabama 35812 
May 1980 
For the U. S. Deparment of Energy 
1 
. i i: 
f B 
SURFACES (NASA)  44 p HC A03./HF A01 CSCL 108 
U.S. Department of Energy 
@ Solar Energy 
https://ntrs.nasa.gov/search.jsp?R=19800019306 2020-03-21T16:45:57+00:00Z
TECHNICAL REPORT STANDARD T I T L E  PAGE 
1. R L W T  NO. 12. G W Q I N W N T  ACCLSSION NO, 13. RECIPIENT'S CATALOG NO. 
TM-78286 I 
4. TITLE AN0 S W T l T L E  
AmMET - A Computer Code for Estimating Insolation 
Incident on Tilted Surfaces 
5. REPORT DATE 
May 1980 
6. PERFORMING MGANIZATION CCOE 
7. A U t W ( f . )  
Robert F. Elkin and Ronald G. Toelie 
9. CLRFOIIMIWG ORGANlZATION M A U L  A M  ADDRCSS 
btronal Aeronautics and Space Administration 
Washington, DC 20546 
0. PERFORMING ORGAN1 ZATlON REPCIR f U 
- 
lo. WORK UNIT NO. 
George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 
12. SPOWSmING AGOMCV NAME AM0 ADORES$ 
Technical Memorandum 
1 1. CONTRAC? OR GRANT NO. 
13. rYPE OF REPOR-; & PERIOD COVERED 
I 
15. SUCKEMENTUY NOTES I Prepamd by Systems P nalysis and Integration Laboratory. I 
A computer code, ASHMET, has been developed by MSFC to estimate the amocnt of 
solar insolation incident on the surfaces of solar collectors. Both tracking and fixed-position 
collectors have been included. Climatological data for 248 U. S. locations are built into the 
code. This report describes t5e methodology of the code, and its input and output. 
I The basic methodology used by ASHMET is the ASHRAE clear-day insolation relation- , 
ships modified by a clearness index derived from SOLMET-measured solar radiation data to 
a horizontal surface. I f 
I 
I 
19. SECURITY CLASSIF. ( d t h b  mPab 
Unclassified 
D YlTC- Fomr8:#: (Ila. Docomber l #7# )  For a& by Natlonml Technical Infomation Senrln. Spr~f l e ld ,  VImbh 11 16 1 
20.  SECURITY CLASSIF. (of tNm -80) 
Ulc lassified 




The authors wish t o  thank a l l  those a t  MSFC who contrilmted t o  
t h i s  report  through reviewing and making many valuable suggestions. 
Par t icu lar  thanks is given t3 Harre l l  Ph i l l i p s ,  Fl ight  Mechanics Branch, 
SALI Laboratory, f o r  h i s  assistance i n  the development of the  generalized 
methodology f o r  determining t h e  incidence anxle the sun vector  forms with 
the surface normal of ro ta t ing  co l lec tors .  
TABLE OF CONTENTS 
INTRODUCTION 
A. Total Insolation to n Fixed-Position Collector 
B. Total Insolation t o  a Monthly Tilt Adjusted Collector 
C. Beam Tracking Collector 
D. Direct Insolation to a Fixed Aximuth Tracker 
Rotating About it:: Axis 
E. Direct Insolation to Fixed-Position and 
Monthly Tilt Adjustrtl Flat Plate Collectors 
REFERENCES 
NOMENCLATURE 
APPENDIX A - ASHMET INPUT AND OUTPUT 









DOEINASA Technical Memorandum 
ASWET - A COMPUTER CODE FOR ESTIMATING INSOLATION INCIDENT ON TILTED SURFACES 
SUMMARY 
A computer code has been developed t o  est i r .a te  the  amount of s o l a r  i n so la t ion  
indident on the surfaces of severa l  types of co l l ec to r s .  Both tracking and 
f ixed pos i t ion  co l l ec to r s  have been included. Climatological da t a  f o r  248 U.S. 
locat ions a r e  b u i l t  i n t o  t h e  code. This report  descr ibes  t he  methodology of 
the code, its input and output. 
I. INTRODUCTION 
I n  designing o r  analyzing a s o l a r  system, the  p r inc ip l e  question t o  be answered 
is how much of the  ava i lab le  s o l a r  energy can the  system de l ive r  t o  loads. 
This f r ac t ion  of ava i lab le  energy is dependent on severa l  parameters: amount 
of s o l a r  energy avai lable ,  type of co l l ec to r s  used, e f f ic iency  of system heat 
exchangers, system losses ,  e t c .  The primary d r ive r  is, of course, t he  s o l a r  
energy ava i lab le  (energy incident  on the surface of t he  co l l ec to r  array)  t o  
the system. This repor t  descr ibes  a computer code, ASHMET, developed by MSFC 
t o  ana ly t ica l ly  est imate t he  s o l a r  energy incident  on the  co l l ec to r  a r ray  sur- 
f ace cover. 
Two versions of ASHMET ex i s t .  Both versions u t i l i z e  the same bas ic  methodology: 
ASHRAE re la t ionships  [ l ]  a r e  used t o  obtain c l e a r  day t o t a l  da i ly  inso la t ion  
incident  on the co l l ec to r  sur face  f o r  a representa t ive  day (defined i n  ASHMET 
as the 21st day of t he  month) of each month of t h e  year;  t he  c l e a r  day t o t a l  
(d i r ec t  + di f fuse  + re f lec ted)  da i ly  inso la t ion  is then mult ipl ied by a clear-  
ness index t o  obtain the  typ ica l  o r  average da i ly  inso la t ion .  The clearness  
index w a s  derived from SOLMET measured inso la t ion  [2] and the  ASHRAE c l e a r  day 
insolat ion.  I n  reference 2 average da i ly  t o t a l  inso la t ion  on a hor izonta l  sur- 
face  f o r  248 U.S. loca t ions  a r e  given f o r  each of the  12 months of t h e  year. 
These da ta  were divided by the  ASHRAE c l e a r  day inso la t ion  at the same geagraph- 
i c a l  locat ion and the  r e su l t i ng  tab les  b u i l t  i n t o  ASHMET a s  clearness  index. 
The assumption is made here t ha t  the clearness index does not change with 
co l lec tor  tilt angle o r  azimuthal or ien ta t ion .  
Major differences between the two versions a r e  i n  the procedures f o r  breakout 
of d i r e c t  and d i f fuse  inso la t ion .  Version I uses the  ASHRAE re la t ionships  of 
reference 1; Version I1 the cor re la t ion  of Liu and Jordan [ 3 ] .  Version I1 
resul ted when comparisons of incident  rad ia t ion  t o  t i l t e d  surfaces obtained 
using the  ASHRAE re la t ionships  f o r  separat ion of d i r e c t  and d i f fuse  components 
t o  s imi la r  data  obraCned using the  Liu and Jordan cor re la t ion  indicated s igni-  
f i can t  differences i n  the two s e t s  of data  f o r  some geographic locat ions.  
Since, at present,  i n su f f i c i en t  da ta  is ava i lab le  t o  ve r i fy  e i t h e r  of the  
metl~ods, and s ince  the  Liu and Jordan procedure is widely used i n  the  so l a r  
industry,  it  was decided t o  add the  Liu and Jordan methodology t o  ASHMET as 
an option. 
Both vers ions have the  c a p a b i l i t i e s  of ca lcu la t ing  inc ident  s o l a r  r ad i a t i on  
on t he  co l l ec to r  sur face  f o r  s i x  types of co l lec tors :  
(1) Fixed pos i t ion  f l a t  p l a t e  co l l ec to r  - t o t a l  i n so l a t i on  
(2) Monthly tilt adjusted f l a t  p l a t e  co l l ec to r  - t o t a l  i n so l a t i on  
(3) Beam tracking co l l ec to r  (sun t racker  - d i r e c t  i n so l a t i on  only) 
(4) Fixed azimuth t racker  - d i r e c t  i n so l a t i on  only ( t racks  i n  plane 
of tilt, ro t a t i ng  about tilt ax is )  
( 5 )  Fixed pos i t ion  f l a t  p l a t e  co l l ec to r  - d i r e c t  i n so l a t i on  
(6) Monthly tilt adjusted f l a t  p l a t e  co l l ec to r  - d i r e c t  i n so l a t i on  only. 
In type (2) and ( 6 )  t h e  monthly t i l t  angle  adjustment is accomplished by 
s e t t i n g  t h e  tilt equal t o  l a t i t u d e  minus dec l ina t ion  using the  dec l ina t ion  
angle f o r  the  21st day of the  month. Additionally,  Version I1 of ASHMET has 
a  type (7),  which allows ca lcu la t ion  of d i r e c t  i n so l a t i on  t o  a  c o l l e c t o r  
ro t a t i ng  about i ts east-west ax i s .  The angle of ro t a t i on  i s  chosen such t h a t  
t he  angle  of incidence between the sun vector  and the  normal t o  t he  co l l ec to r  
sur face  is minimized. (NOTE: Type (4) of both can be used t o  ob ta in  t h e  same 
r e s u l t s  a s  type (7) of Version I1 with some judicious manipulation of input  
data .  However, f o r  t he  casual  user  of ASHMET i t  was f e l t  t h a t  a  s t r a igh t -  
forward opt ion f o r  t h i s  s p e c i f i c  type of co l l ec to r  would be  l e s s  confusing. 
Also, t he  methodology is g rea t ly  s impl i f ied ,  reducing computer time.) 
The following two sec t ions  g ive  the  d e t a i l s  of methodology used i n  ASHMET. 
Input and output f o r  the  code a r e  described i n  Appendix A and computer l i s t i n g s  
of ASHMET I and ASHMET I1 i n  Appendix B. 
11. ASHMET I METHODOLOGY 
A. Tota l  Inso la t ion  t o  a Fixed Pos i t ion  Collector 
Clear day hourly t o t a l  inso la t ion  t o  a t i l t e d  sur face  a r e  obtained from the  
ASHRAE re la t ionships  [2] :  
(A) cos 8 + h TOTAL, CLR DAY = B,sin 





Where: A, B, and C a r e  monthly varying coe f f i c i en t s  taken from Table 1 i n  
chapter 22 of reference 1. 
0 is the angle of incidence the  sun's rays form with the  co l l ec to r  
surface ( r e l a t i v e  t o  the surface normal) defined by 
cos 0 = cos S sin fl + sin S cos 7 tan L sin fl 
- sin S cos 7 sin Glcos L + sin S sin y cos 6 sino 
f3 is the s o l a r  a l t i t u d e  (angle between d i r ec t ion  of sun and l o c a l  
horizontal)  given by 
sin 0 = cos L cos 6 cos w + sir1 L sin 6 
P - Diffuse Reflectance of Solar Radiation 
L - Local Lat i tude 
6 - Declination Angle 
S - Slope of Collector Measured from Horizontal 
U - Hour Angle, Solar Noon Being Zero 
y - Collector Surface Azimuth Angle (0-due south, minus -east ,  pos i t i ve  
-west). 
In  equation (1) t he  f i r s t  term on the  r i g h t  hand s i d e  represents  the  d i r e c t  
inso la t ion  received, the  second term t h e  d i f f u s e  and the  t h i r d  t h e  r e f l ec t ed  
component. The decl inat ion angle,  6 ,  i s  obtained from a t a b l e  [I] f o r  the 
21st day of each month. 
Using equation (1) hourly inso la t ion  d i s t r i b u t i o n  incident  on the t i l t e d  
surface is calculated f o r  the 21st day of each month of t h e  year and summed 
fo r  t he  day: 
/ S.S. HOUR 6 P.M. H TOTAL, CLR DAY = (h TOTAL, CLR DAY) dt = C TOTAL, CLR DAY (4) t = S.R. HOUR 6 A.M. 
The c l e a r  day da i ly  t o t a l  is then mult ipl ied by a clearness  index t o  obta in  a 
t yp ica l  day's inso la t ion  f o r  each month. The clearness  index was derived from 
the SOLMET inso la t ion  data  ( t o  a hor izonta l  surface)  o f , r e f e rence  2: mean 
SOLMET da i ly  hor izonta l  t o t a l  inso la t ion  f o r  each month of t he  year  was divided 
by the  c l e a r  day t o t a l  hor izonta l  inso la t ion  calculated by equation (4) f o r  each 
of t h e  geographic loca t ions  presented i n  reference 2. These data  were incor- 
porated i n  the  ASIWT program. It is assumed t h a t  the  c learness  indexes derived 
f o r  horizontal  da ta  a r e  appl icable  t o  t i l t e d  surfaces.  
B. Tota l  Inso la t ion  t o  a Monthly T i l t  Adjusted Collector  
On any given day the dai ly  d i r e c t  inso la t ion  incident  on a f ixed pos i t ion  
co l l ec to r  w i l l  b e  maximjzed i f  the co l l ec to r  t ilt  angle is  s e t  equal t o  the  
l a t i t u d e  minus the  decl inat ion.  ASHMET, therefore,  has an option f o r  s e t t i n g  
the  co l l ec to r  tilt angle equal t o  the  desired s i t e  l a t i t u d e  minus the  declina- 
t i o n  angle f o r  the  21st day of each month. Once the  t i l t  angle is calculated 
t h e  program proceeds a s  f o r  the  t o t a l  inso la t ion  t o  a fixed pos i t ion  co l l ec to r  
option described previously. 
C. Beam Tracking Collector 
This opt ion provides the d i r e c t  inso la t ion  incident  on the sur face  plane of a 
sun tracking co l lec tor .  Clear day d i r e c t  inso la t ion  ( f o r  incidence angle 
0 = 0") is obtained from the  ASHRAE equation: 
SUNSET HR. 
" BEAM, CLR 
t = SUNRISE HR. 
Typical da i ly  beam inso la t ion  ( f o r  the 21st day of each month) is  calculated by 
multiplying the  c l ea r  day value by the average da i ly  percent sunshine (% SS) 
f o r  t h a t  month and the locat ion desired. The percent sunshine was derived a s  
follows. 
It is assumed, a s  suggested by severa l  authors,  t ha t  the typ ica l  da i ly  inso- 
l a t i o n  can be represented by 
The coef f ic ien ts  a ,  b ,  and c were determined from the SOLMET inso la t ion  data  
and the annual mean da i ly  percent sunshine data  of reference 4 . As expected 
the  coe f f i c i en t s  var ied from locat ion t o  locat ion within the United S ta t e s .  
However, a reas  of constant coe f f i c i en t s  could be determined from the  data .  
These areas  a r e  del ineated i n  Figure 1 along with the values of a ,  b ,  and c 
f o r  each area. 
Equation (6) is n w  solved f o r  the percent sunshine: 
Oio a ; [(HToTAL 
HTOTAL, CLR DAY 
I n  equation (7)  the term HTOW i H ~ ~ ~ ~ ~ ,  CI.RDAY is the previously discussed 
clearness  index derived from the  SOLMET data.  
The use of equation (7)  t o  ca l cu la t e  the  average da i ly  percent sunshine c i r -  
cumvents two problem areas .  F i r s t ,  the  necessi ty  of adding a second t ab l e  of 
da ta  t o  the  program (monthly average da i ly  percent sunshine f o r  248 geographic 
locat ions)  is avoided. Secondly, the  sunshine data  of reference 4 covers only 
one-fourth of the 248 locat ions f o r  which inso la t ion  da t a  is  ava i lab le .  Thus 
considerable extrapolat ion of t he  sunshine da ta  would be necessary i f  a l l  the 
SOLMET s i t e s  were t o  be included. It was f e l t  a more accurate approach would 
be t o  def ine  areas of constant coe f f i c i en t s  a ,  b, and c of equation (6) from 
the sunshine data  of reference 4 and then use the SOLMET insola t ion  da ta  per  
equation (7)  t o  def ine percent sunshine f o r  locat ions not covered by reference 4. 
D. Direct Insolat ion t o  a Fixed Azimuth Tracker Rotating About i ts  Axis 
With t h i s  option d i r e c t  inso la t ion  t o  the  surface of a co l l ec to r  r o t a t i n g  
about i ts  ax i s  is calculated.  Orientat ion of ax is  is determined by specifying 
its azimuth and tilt angles ( input  by program user) .  
Similar t o  t he  previously d i s c ~ , = s e d  co l l ec to r  systems the  da i ly  d i s t r i b u t i o n  of 
c l ea r  a i r  hourly d l r e c t  inso la t ion  f o r  the typical-day of each month is f i r s t  
calculated from the  ASHRAE equation : 
A cos 0 
 DIRECT, CLR DAY = ;gsx 
2 
WHERE: cos6 i . 0  - [sin /3 sin S - om 0 cos S ms (AZ, + AZ)] 
A4 is the  co l l ec to r  longi tudinal  ax is  aziniuth angle measured from due south 
with e a s t  negative and west pos i t ive .  A8 is the s o l a r  azimuth angle and is 
S 
obtained from: 
-1 cos 6 sin o 
 sin t-J 
The typ ica l  da i ly  d i r e c t  inso la t ion  f o r  each month is now obtained by multi- 
plying the  c l e a r  day in so la t ion  by the percent sunshine term described i n  the  
previous sec t ion  on beam t rackers ,  
E, Direct  Inso la t ion  t o  Fixed Posi t ion and Monthly T i l t  Adjusted F la t  
P l a t e  Collectors  
Calculations f o r  these systems proceed the same a s  f o r  t he  ca lcu la t ion  of t he  
t o t a l  inso la t ion  incident  on t h e i r  surfaces with one exception: t y p i c a l  dai ly  
incident  inso la t ion  is obtained by multiplying the  ASHRAE c l e a r  day d i r e c t  
r ad i a t ion  by the  percent sunshine term of subsection B r a the r  than the  clearness  
index of subsection A. 
111, ASHMET I1 METHODOLOGY 
The bas i c  ASHMET I1 methodology i s  the  same as t h a t  of ASHMET I with t h e  
exception of the  breakout of hor izonta l  d i f fu se  and d i r e c t  i n so l a t i on  f o r  
f ixed pos i t ion  co l l ec to r s  (including those with monthly t i l t  adjustment). 
For these  co l l ec to r  systems the  breakout of hor izonta l  d i f f u s e  and d i r e c t  
inso la t ion  is taken from the  co r r e l a t i on  of Liu and Jordan [3] ins tead  of 
t he  ASHRAE methodology. Calculat ions of inc ident  i n so l a t i on  f o r  beam track- 
ing and azimuth t racking sur faces  remains unchanged. 
From the Lirl and Jordan co r r e l a t i on  c l e a r  day d i f f u s e  i n so l a t i on  t o  a hori-  
zonta l  sur face  is: 
Where : 
The c l e a r  day d i r e c t  inso la t ion  component is then: 
Total  c l e a r  day hourly t o  a  t i l t e d  sur face  is obtained as  i n  the  ASIIMIi." I 
program: 
(hD~R) HRLY, HORlZ COS e 
h"lR + hDIFF) HRLY, HORIZ ( 1  (131 
Calculation of the  t yp i ca l  inso la t ion  incident  on t i l t e d  sur face  f o r  each 
month of the year then proceeds as  i n  ASHMET I: typ i ca l  t o t a l  i n so l a t i on  
by multiplying t h e  c l e a r  day da i ly  t o t a l  t o  the  t i l t e d  sur face  by the  appro- 
p r i a t e  c learness  index; t yp i ca l  d i r e c t  inso la t ion  by applying t h e  percent 
sunshine term t o  t he  c l e a r  day d i r e c t  i n so l a t i on  component. 
Additionally,  ASHMET 11 has a  seventh co l l ec to r  type option: d i r e c t  inso la t ion  
incident  on a  horizontal  sur face  ro t a t ing  about an east-west ax i s  i n  a  north- 
south d i rec t ion .  For t h i s  case the c l e a r  day dai ly  d i r e c t  component is ( fo r  
the  21et day of the month) : 
SUNSET HR. 
W 
HDIR, CLR DAY = [ A / . ~ ~ ~ ~ ~ P ]  [ I - ( C O S ~ C O S ~ ~ ~ ]  cJt 
t = SUNRISE HR. /
(NOTE: The previously discussed option of a f ixed  azimuth t racker  ro t a t ing  about 
i ts  axis  may also be used t o  obtain incident inso la t ion  f o r  the case. However, 
the casual user of ASHMET may not be s u f f i c i e n t l y  knowlodgable of the program 
methodology t o  uRe the fixed azimuth t racker  option i n  t h i s  manner; a l so ,  com- 
puter  time w i l l  be saved by using equation ( 1 4 ) , )  
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NOMENCLATURE 
A, B, C, . hnthly varying coefficients of equation (1); A-apparent 
solar irradiation at air sass = 0 ,  R-atmospheric extinction 
coefficient, C-diffuse radiation factor 
a, b, c,  Coefficients defining the percent sunshine function of 
equation (6 
M Collector azimuth 
Ms Solar azimuth 
H Monthly insolation per unit surface area 
h Hourly insolation per unit surface area 
L - Local latitude 
S.R. Sunrise 
S.S. Sunset 
S - Collector slope, measured from local horizontal 
1 . Solar time, hours 
B -. Solar altitude 
Y - Collector surface angle, 0'-south, -90°-east, +90°-west 
8 - Declination angle 
8 - Angle of incidence formed sun and collector surface normals 
P Diffuse reflectance of solar radiation 
~1 - Hour angle, solar noon hcing zero 
APPENDIX A 
AS= is programed f o r  in terac t ive  use with a computer and a remote terminal. 
Once the  program is s t a r t ed  the  user w i l l  f ind ASHMET self-explanatory. 
Questions concerning program options a r e  asked and input parameters a r e  cal led 
f o r  with explanations of the parameters. A sample input case is shown i n  
Figure 2. 
The input data consists  of 
1. Latitude of desired location (format - F9.4) 
2. Slope of col lec tor  measured from the horizontal  (format - F9.4) 
3. Azimuth of col lector  surface (0' south, minus-easterly facing, plus- 
westerly facing) (format - F9.4) 
4. Type of collector-beam tracker, fixed posi t ion f l a t  plate,  e tc .  
(Program informs the user of code number t o  be used fo r  each type.) 
5 .  Ground reflectance ( i f  desired) 
6. City location number from Table 1. 
I f  c i t y  location desired is not l i s t e d  i n  the  t ab le  the  user has the  option of 
inputing twelve monthly values of clearness indexes ( r a t i o  of monthly typica l  
day's t o t a l  insolat ion t o  c l ea r  day insolat ion i n  percent) i n  the  format 12F4.0. 
ASHMET OUTPUT 
A sample output is shown i n  Figure 3 and sh0u.d be self-explanatory. The 
type of col lector  wvstem cal led fo r  is output along with the other required 
input da ta  ( la t i tude ,  slope, e t c . ) .  Monthly clearness indexes w i l l  be output 
only i f  they a re  input by the user. Insolation output includes the hourly 
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